Photograph assemblage of large lithic clasts near base of the Peach Spring Tuff at location PST0695, Kane Wash area, Newberry Mountains, California. a, View direction is to the west-southwest, approximately along direction of flow in the main, more ash-rich pyroclastic flow. The base of the ignimbrite is planar; however, in the panorama there appears to be a slight curvature due to image distortion. For scale, the tape is 50 cm, the hammer is 28 cm, and the map case is 46.5 cm long. b, Clast number with short and long (or medium) lengths of clasts showing partially developed imbrication from north (right) to south (left).
Supplementary Figure 4.
Theoretical velocity of dilute turbulent pyroclastic currents required to entrain the largest PST substrate-derived blocks (80 cm), as a function of height above the substrate. Results are presented for lower and upper limit values of the current bulk density () and for Shield number values of 0.052 (thin lines) and 0.086 (thick lines).
Supplementary Figure 5.
Laboratory experiments of air-particle flow propagating on a granular substrate of 1.6 mm diameter steel beads and then on a: a, smooth (experiment L4, Supplementary Table 2) or b, rough (experiment L6, Supplementary Table 2) rigid substrate (grey). In the photographs, at given time after passage of the flow front at the granular-rigid substrate transition or showing the final deposit, the black horizontal arrows indicate the flow direction and yellow circles represent entrained substrate beads. Sampling of the deposit revealed that beads derived from the granular substrate were found downstream on the rigid substrate at distance up to ~1-1. 
Supplementary Discussion a) Map of Kane Wash area Newberry Mountains, California
The Peach Spring Tuff (PST) exposed in Kane Wash, Newberry Mountains, California, contains locally derived lithic clasts as much as ~140 cm long (Supplementary Table 1 ). The Kane Wash exposure is approximately 208 km from the Silver Creek caldera of ref. 1 ( Fig. 1 ). Because this area is west of the Colorado River Extensional Corridor (CREC) and is in the Eastern California Shear Zone (ECSZ), the original distance after removing extension and strike-slip translation is probably 133 to 148 km west-southwest of the caldera (Supplementary Table 1 ). The Kane Wash area is particularly important in our study for constraining the transport distance of the substrate-derived blocks by the PST parent current as well as the flow speed.
In the Kane Wash area, geologic mapping by ref. 2 focused on the facies and distributions of lithic clasts in the Peach Spring Tuff; however, mapping by Brett Cox (USGS, unpublished data) provides important constraints on the derivation of the locally derived, large, basaltic andesite, lithic clasts at location PST0695 and PST1308 (Fig. 3) . The following descriptions are based primarily on those by Cox (unpublished) and are augmented by data from refs. 2 and 3 and descriptions from recent field work by us. The Kane Spring paleovalley consists of a westward-draining valley in which a variety of tilted volcanic rocks formed highlands north of the paleovalley and Mesozoic plutonic and metavolcanic rocks formed highlands to the south. Near location PST0695, the PST is deposited on several superposed basaltic andesite lava flows, and locally the upper part contains erosionally resistant boulder flow-breccia (unit Tmb4 in Fig. 3 ). Rocks in unit Tmb4 form many of the ridges in the southern Newberry Mountains and some of the highlands north of the Kane Spring paleovalley 4 . The northern side of the axial drainage of Kane Springs paleovalley consists of cobble-pebble conglomerate and pebbly sandstone that have bedforms indicating west-southwest directed flow (unit Tkc in Fig. 3 ). This unit is divided into unit Tkc2 where it is younger than the PST and Tkc1 where it is older than the PST. The northern flanks of the Kane Spring paleovalley consists of coarsegrained breccia-conglomerate with basaltic andesite and other volcanic rocks as clasts, and minor amounts of interbedded ash tuff, lapilli tuff, and tuffaceous sandstone (unit Tkb in Fig.  3 ). Locally in unit Tkb, there are very coarse-grained conglomerate beds with only basaltic andesite clasts, and many of these clasts are 1-1.2 m in diameter, possibly 1.5-1.8 m, but blocks are out of the matrix conglomerate (identified in Fig. 3 by unit Tkbc, see also Fig. 4a) . Most of unit Tkb is younger than the PST, but locally some is older than the PST.
The PST exposed in Kane Wash is up to 30 m thick, and contains several examples of locally derived lithic clasts that were incorporated into and redistributed within independently moving, relatively small pyroclastic flows or within a single, main pyroclastic flow to form lithic-rich horizons. One type of horizons resulted from small flows and has a maximum lithic clast size of 43 cm, taken as the average long axis of the five largest clasts in a 20x200 cm area 2 . Here we report for the first time another concentration of large, locally derived lithic clasts that were incorporated into the main PST pyroclastic flow, and did not form independently moving pyroclastic flows (location PST0695, Figs. 1b and 3 and Supplementary Fig. 1 ). These large clasts appear to have been transported independently toward the west-southwest (S65-75W) in the main valley-filling pyroclastic flow along the Kane Spring paleovalley.
There are two possible source areas for the large, basaltic andesite lithic clasts at location PST0695: (1) a nearby basaltic-andesite lava flow (in Tmb4), or (2) a conglomerate with clasts derived from similar basaltic-andesite lava flows (in Tkbc). The nearby basalticandesite lava flow forms most of the rocks upon which the PST at location PST0695 was deposited, and flows are exposed within 15 to 20 m behind the location of the photograph in Supplementary Fig. 1 . If these basaltic andesite lava flows are the source of large clasts, the distance clasts were transported is probably 20 to 60 m, and longer distances are possible. One important observation that might limit the possibility that the lava flow and boulder flowbreccia are a source for the clasts is that many of the blocks of lava flow on the in situ flows are angular to subangular whereas clasts in the PST are subangular to subrounded. Alternatively, and based on the subrounded shape of many large clasts and the suggestion by Brett Cox (written commun.), the large clasts may have been derived from one of the monomictic (basaltic andesite) boulder conglomerates exposed just below the PST. The nearest boulder conglomerate is 785 m east-northeast of location PST0695 (Tkbc in Fig. 3 ). To the east-northeast of location PST0695, the substrate is eroded and the nearest exposure is about 175 m at PST1308. At PST1308, the substrate to the PST is sandstone, and there is no evidence of the boulder conglomerate. The map pattern of the boulder conglomerate (Tkbc) is consistent with it being deposited from a small, laterally restricted tributary fan that did not prograde far into the axial drainage. These relations indicate that the large, subrounded basaltic andesite clasts were transported by the valley-filling, PST pyroclastic density current for ~500 m for clasts at PST1308, and ~800 m for clasts at PST0695.
b) Detailed description of key outcrops

Kane Wash exposures (western sector)
Our new field work at location PST0695 shows that the lowest 2 m of the PST contains numerous large, subrounded basaltic-andesite lithic clasts, and one clast is 70x120x150 cm (with the 70 cm length nearly vertical, and partially buried) (Fig. 1b and Supplementary Fig.  1 ). The mean size of the five largest lithic clasts (except the outlier mentioned above) reported in Supplementary Table 1 is 67±5 cm. The bottoms of the large clasts are about 50 cm above the base of the PST and appear to be in the lithic-rich horizon H1 as defined by ref. 2 . Many of the large clasts have an imbricate relation to the basal contact (whether it is clast on clast or clasts isolated in the finer-grained matrix); the short length is slightly off from vertical and the middle and long lengths form a plane that is shallowly inclined to the basal contact. Additionally, some clasts have the long axis plunging along an azimuth of about 0° to 30°. The moderately developed imbrication and alignment of long axes of clasts are consistent with interaction with and re-alignment by the cross-flowing (S0-30W) internal, lithic-rich pyroclastic flow 2 . At location PST1308, there is one large (>50x70 cm) basaltic andesite lithic clast enclosed by the ash-rich ignimbrite, and two to three complexly interstratified lithic-rich horizons (Supplementary Fig. 2 The most likely source area of the substrate-derived blocks found at PST0695 and PST1308, the boulder conglomerate Tkbc in Fig. 3 , is shown in Fig. 4a . Measurements of 22 subrounded blocks reveal a mean size of 86±18 cm, with the five largest blocks having a size of 111±9 cm. Assuming that the PST parent flows entrained boulders located at top of the conglomerate, we consider in particular blocks L1, L3, and L16-22 in Fig. 4a and whose mean diameter is 91±19 cm, with the five largest blocks having a size of 105±9 cm. Interestingly, these blocks are just larger than the largest blocks at PST0695 and PST1308 (with exception of the outlier 80x120x150 cm at PST0695, Fig. 4 ), which suggests that our calculated flow velocity up to ~20 m s -1 at PST0695 is realistic.
West Gem exposure (western sector)
The Peach Spring Tuff exposed in West Gem area (PST0634) on the northeast flank of Daggett Ridge, California, contains locally derived volcanic lithic clasts as much as 50 cm long and a 120 cm long clast of sedimentary conglomerate (Supplementary Table 1 ). The West Gem exposure is approximately 222 km from the Silver Creek caldera of ref. 1 (Fig. 1) . Because the West Gem area is west of the Colorado River Extensional Corridor (CREC) and is in the Eastern California Shear Zone (ECSZ), the original distance after removing extension and strike-slip translation is probably 144 to 159 km west-southwest of the caldera (Supplementary Table 1 ).
In the West Gem exposure, the PST is 4.5-m thick with a nonwelded and vitric lower part, is mostly partially welded and incipiently crystallized, and has a nonwelded and incipiently crystallized top 5 . The ignimbrite was deposited on medial to distal alluvial fan sandstone and conglomerate to fluvial sandstone. Most clasts in the sandstone and conglomerate are crystallized volcanic rocks, but plutonic and metamorphic clasts also occur. There is a basal lithic-rich, typically clast supported (although locally matrix supported) layer that contains lithic clasts up to 24 cm in length (Supplementary Fig. 3a ) and that we call basal ground layer (BGL) hereafter. Clasts in this BGL are crystallized volcanic rocks that are similar to those in the substrate. The BGL varies in thickness from 50 to 100 cm, and typically is about 60 cm. The variation in thickness results from asymmetric lithic-rich crests that form where the BGL gradationally thickens to form a relief of about 40 cm, and locally as much as 65 cm (Supplementary Fig. 3a) . Similar asymmetric crests also occur in the lithic-rich horizons in the PST exposed in Kane Wash.
Isolated, large lithic clasts occur locally in the lower part of the ignimbrite, but with no direct connection to the lithic-rich basal layer. Such a lithic clast shown in Supplementary Fig.  3a (near green notebook) is 30x36x(>)50 cm (the long axis is buried and projects out of the exposure) and is about 50 cm above the top of the BGL. In contrast, other large clasts appear connected to the basal layer. Supplementary Fig. 3a shows a rip-up flap that merges with the basal layer and whose upper part is formed by a lithic-rich, (>)50x60x120 cm clast of sedimentary conglomerate. The sedimentary clast includes volcanic rock fragments similar to the lithic clasts in the BGL; however, it also includes sedimentary rock fragments and has a more lithic-clastic matrix compared to the tuffaceous matrix in the BGL. So, this sedimentary clast might have been ripped up from the type of material that also provided the clasts for the BGL. How far the lithic-laden boundary flowed is not known.
Alvord Mountain area exposures (western sector)
The Peach Spring Tuff exposed on the east limb of the Spanish Canyon anticline in the Alvord Mountain area, California, contains locally derived lithic clasts as much as 56 cm long (mean size of 45 cm, Supplementary Table 1 ). The PST exposures are approximately 190 km from the Silver Creek caldera of ref. 1 (Fig. 1) . Because this area is west of the Colorado River Extensional Corridor (CREC) and is in the Eastern California Shear Zone (ECSZ), the original distance after removing extension and strike-slip translation is probably 131 to 146 km west-southwest of the caldera (Supplementary Table 1 ).
The PST is in the Spanish Canyon Formation and can be discontinuously traced for 9 to 10 km around the northward plunging Spanish Canyon anticline [6] [7] [8] . The ignimbrite is about 1 to 7-m thick and is mostly nonwelded. Locally, the PST was deposited on basaltic andesite lava flows, or on fine-grained sandstone and mudstone that might represent lacustrine deposits. However, in most areas, the PST was deposited on medium to coarse-grained, arkosic to tuffaceous plutoniclastic sandstones and conglomerates that were probably medial to distal alluvial fan or fluvial deposits. The plutonic and metamorphic rocks exposed in nearby mountains were the source areas for clasts in the sandstone and conglomerate [9] [10] . Substrate entrainment by the PST parent flows is also evidenced by characteristics of thin sections that show rock fragments that are consistent with being derived from plutonic and metamorphic rocks exposed in the nearby mountains, or from the substrate alluvial fan sandstone and conglomerate that was strewn with loose, erodible clasts.
A lithic-bearing, basal ground layer (BGL) deposit occurs at locations where the ignimbrite base is exposed; however, the amount of development varies in thicknesses, grain sizes, textures, and structures [7] [8] . In exposures on the eastern limb of the anticline where the ignimbrite is 3.3 m thick, the BGL is about 60 cm thick, and it is composed of 5-25% volcanic and granitoid lithic clasts that are 2 to 76 mm in maximum length (for example, locations AM0450, AM0722, and AM0152 in Supplementary Table 1 and Supplementary Figs. 3b-d) . Locally, lithic clasts up to 56 cm-long are on the top of the BGL (Supplementary Figs. 3b-c) . The matrix between these large clasts is mostly ash and pumice clasts with 2-5% lithic clasts that are less than 5 mm long and is the same as in the surrounding and superjacent main ignimbrite. About 1.1 km northwest of location AM0450, the ignimbrite is about 1 m thick, and the BGL is 10 to 30 cm thick with maximum lithic clasts up to 40 cm in length (AM0170 in Supplementary Table 1 and Supplementary Figs. 3d ).
Valentine area exposure (85-PST-50, eastern sector).
The eastern sector of the PST extends from the source area, across a transition zone characterized mainly by normal faulting, and onto the Colorado Plateau. The Colorado Plateau in this area has relatively little faulting. Several outcrops occur in the vicinity of the town of Valentine; in this area the pyroclastic density currents that formed the Peach Spring Tuff flowed across an area of low, rolling hills eroded into Precambrian granitic basement rocks, variably covered by Cenozoic basaltic lavas and scoria. Low profile valleys contained fluvial sediments with gravel to boulder sized clasts (blocks) of granite and basalt, which were the likely sources of substrate blocks entrained by the pyroclastic flows.
In the Valentine area the PST ponded in the broad drainages, filling in the topography and forming a relatively flat upper surface. This surface has been subsequently incised by erosion, exposing cross sections of the tuff. In many locations the deposit overlies early ashand fine lapilli-beds that record initial phases of the Peach Spring Tuff eruption [11] [12] . The main
